Triosephosphate isomerase (TPI: EC 5.3.1.1), an enzyme widely distributed in all tissues of a wide variety of organisms (33, 36) , catalyzes the interconversion of dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. This dimeric enzyme (MW = 53,000) of identical subunits (8, 38) is involved in both glycolysis and gluconeogenesis as well as in glyceride synthesis. TPI is characterized by a high cellular level of enzyme activity (13, 17, 23) , a high catalytic efficiency (I), and a similarity in the kinetic properties of the enzyme isolated from many sources (8, 13, 21, 30) . A significant degree of sequence homology is observed in enzymes from divergent species (2, 4, 21, 38) , especially in the active site region (I 8), indicating a slow rate of evolution (9) . Few electrophoretic variants have been identified in surveys of human populations (25, 28, 29) .
An autosomal recessive disorder involving TPI deficiency has been described in 17 individuals in six different families (I6, 31, 32, 35, 37) . Affected individuals exhibit severe neurologic and muscular disorders, retarded growth, chronic nonspherocytic hemolytic anemia, and increased susceptibility to infection (32, 35, 37) . Symptoms usually do not appear until the infant is several months of age but they are progressive and the condition is fatal, usually before an age of 6 years. Although some residual activity (5-20%) is detected in erythrocytes of homozygous deficient individuals, the 50-fold increase in dihydroxyacetone phosphate concentration would suggest an almost complete metabolic block at this step (32) . The metabolic basis for the symptomatology in other tissues in the homozygous deficient individuals is not immediately obvious as glycolysis should be maintained at significant levels and dihydroxyacetone phosphate should not accumulate to high concentrations in tissues that have glycerophosphate dehydrogenase activity.
Recent reports by Mohrenweiser (23) and Eber et at. (II, 12) indicate that the frequency ofTPI deficient carriers (heterozygous individuals with one normal and one "null" allele) is much higher than expected from the number of reported homozygous deficient individuals. This report will extend the earlier report of Mohrenweiser (23) , present the frequency within ethnic groups and examine the basis for the deficiency.
MATERIALS AND METHODS
The study population consisted of all infants born at the University of Michigan Women's Hospital maternity service between August, 1977 and January, 1981 whose parents agreed to donate blood samples (23) . The sample from newborn infants was obtained from the umbilical cord at delivery, whereas parent samples were obtained by venipuncture. All samples were collected with acid citrate dextrose (ACD) as the anticoagulant. The red cells were washed three times with saline and then stored as packed cells in liquid nitrogen. Hemolysates for enzyme activity studies were prepared by diluting I vol of packed cells, after freezing and thawing, with 7 vol of buffer (50 mM N-2-hydroxyethylpiperazine N-2-ethanesulfonic acid, pH 7.0, I mM EDTA, 2 mM dithiothreitol and 0.06% Triton X-100) and centrifuging at 40,000 x g for 20 min. Hemolysates for the electrophoretic studies were prepared by diluting 1 vol of packed cells with I vol ofHzO and then extracting with 0.5 vol of toluene (10) .
Enzyme activities were assayed as described by Fielek and Mohrenweiser (I5) and Mohrenweiser (23) except for enolase (EC 4.2.1.11) and phosphoglyceromutase (EC 2.7.5.3), which were assayed by methods described by Bergmeyer (5) . The Centrifugal Fast Analyzer was utilized for all assays (7) . The units of enzyme activity are fLmole of product formed/g hemoglobin/h at 30°C. The variation associated with the date of assay and grouping within date is removed by a nested-analysis of variance (23) . Polyacrylamide gel electrophoresis was as described by Deck~r and Mohrenweiser (10) . Thermostability studies were conducted according to methods described by Asakawa and Mohrenweiser (3) . Antiserum against rabbit muscle TPI was raised in roosters according to procedures described by Eber et at. (I2). Antiserum against human TPI was kindly supplied by Dr's. Krietsch and Eber of the University of Munich, Munich, West Germany. Immunoinactivation experiments were conducted by the procedures described by Asakawa and Mohrenweiser (3). All incubations for the immunoinactivation experiments were adjusted to a TPI activity of 35 units/50 fLliters of total incubation.
RESULTS
The distribution of TPI activity in a group of 828 newborns is presented in Figure I . This includes 300 newborns which were previously reported (7) . The remaining 432 newborns from the previous study were not displayed in this distribution because it was not possible to remove variation associated with grouping within date although low activity individuals could be scored in this initial group. The coefficient of variation for erythrocyte TPI activity among the 828 newborns, after adjustments for assay variation, was 8.7%. Infants with reduced levels of erythrocyte TPI activity were divided into two groups. The first group, consisting 
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No dehydrogenase, glucosephosphate isomerase, glutathione reductase, lactate dehydrogenase, malate dehydrogenase, phosphoglycerate kinase and pyruvate kinase) were as expected in both the proband and affected parents.
The ethnic distribution of the TPI deficiency carriers is presented in Table 2 . In this unselected group of newborn infants, the frequency in the Black sample of 4.6 heterozygous TPI deficient newborns per 100 infants is ten times the frequency of 0.5 heterozygous individuais/IOO White newborns. Glucose 6-phosphate dehydrogenase deficiency associated with the A-allele occurred with a frequency of 0.08 in the Black group. Excluding the two polymorphic deficiencies, the frequency of enzyme deficiency variant alleles at seven other loci does not differ between the ethnic groups, being 0.007 in both groups (23) .
This high frequency of an allele(s) associated with TPI deficiency, especially in the Black population, is in marked contrast to the low frequency of electrophoretic variants at this locus in both ethnic groups in this same population. Only a single TPI electrophoretic variant occurring in a White infant, has been observed among 2224 newborns (frequency = 0.004). The average frequency of electrophoretic variants at 29 loci encoding other erythrocyte enzymes is 0.013 in this population (28) .
The molecular etiology and possible heterogeneity of the TPI deficiency was studied in several experiments. First, utilizing antirabbit-TPI sera from roosters, the relationship between the amount of enzyme inactivated and antisera added was examined. As seen in Figure 2 , no significant differences in the inactivation profile were detected between samples from carrier deficient and control individuals. Because all samples were adjusted to similar levels of enzyme activity, it is concluded that the specific activity of TPI is identical in normal and heterozygous deficient individuals. Similar results were obtained when antihuman-TPI sera was used; thus, no evidence of cross reactive material (CRM) was observed in any deficient individual. The dotted line represents (Fig. 2) 2 flmole product/g hemoglobin/h. 3 n = 828 for newborns and 140 for adults. of 12 newborns with a level of TPI activity ofless than 65% of the population mean for newborns-a level of activity which is more than 4.0 S.D. below the mean-was defined as heterozygotes for TPI deficiency (Fig. 1) . The TPI activity in erythrocytes from seven of these individuals and their parents has been previously reported (23) . The level of TPI activity in erythrocytes from the five additional probands and their affected and normal parents is similar to the activities presented for the original seven families. The activity in this group of 12 newborns ranged from 48-65% of normal and averaged 56.7% of the mean activity in erythrocytes of normal newborn infants (Table 1 ). This average activity is 4.9 S.D. (range 4.0-5.9) below that expected in normal newborns. In each family, one parent had a level of TPI activity which was less than 65% of normal (average 57%), whereas the other parent had a normal level (average 97%) of activity. Two of the probands are half siblings, born to a heterozygous mother. In seven of the 11 families, the affected parent is the father. The variant allele associated with the loss of TPI activity is designated TPI 1°; the genotype of these heterozygous individuals is TPI 1/10. The alteration of enzyme activity apparently involves only TPI, as the activities of 12 other erythrocyte enzymes (adenylate kinase, glutamic oxaloacetic transaminase, phosphoglyceromutase, enolase, glyceraldehyde 3-phosphate dehydrogenase, glucose 6-phosphate Activitl % of expected activity quantity of a.ntigenically reactive, catalytically inactive enzyme were present m erythrocytes of carrier individuals. Second, the TPI electrophoretic pattern was examined for all of. the d~ficiency variants. A variant TPI subunit, although .catalytically mactlve may still hybridize with normal subunits and alter the electrophoretic pattern ofTPI. Such an altered electrophoretic pattern has been observed for a "null" activity variant of lactate dehy~rogenase (LDH) (26) ; however, as seen in Figure 3 , the bandmg patterns, detected by activity staining, for TPI in hemoIysates from two families are normal. Each family consists of an affected and normal parent and a deficiency carrier child, and all individuals possess identical electrophoretic patterns. A normal electrophoretic pattern was also observed in hemolysates from the other 10 deficiency variant newborns (not shown). The electrophoretic pattern for a previously described electrophoretic variant, TPI I/Manchester (3, 10) is included in the outer lanes for comparison. The normal electrophoretic patterns in the samples from heterozygous deficient individuals are consistent with the results of the immunoinactivation studies.
The thermost.ability of the TPI enzyme in erythrocytes of heterozy?ous defiCiency variant individuals was compared with the stabilIty of the enzyme from control individuals. The t1/2 at 57°C for enzyme from control individuals was 30.5 ± 1.2 min. The tl/2 for erythrocyte TPI from heterozygous deficient individuals ranged from 28-32 min and thus did not differ from that observed n contr~1 individuals. These results are again consistent with the ImmunomactlVatlOn and electrophoretic studies described above and further support the conclusion that inactive TPI subunits are not present in erythrocytes of the heterozygous deficient individuals. A second group of five newborns (one Black and four White) were .classlfied as heterozygous for a "low activity" variant, the putative varIant allele ?ei~g designated 1-. The TPI activity in erythrocytes from these mdlVlduals (both newborn and adult) with a phenotype of TPI 1/1-, is between 66-72% of expected and 3.0-.O S.D.. below~he population mean (Fig. I) . The results of ImmunomactIvatlOn experiments, the electrophoretic pattern and he. thermostability profile of TPI from erythrocytes of these mdlvlduals, both parent and child, were identical to the results obtained in studies of TPI in erythrocytes from both control and heterozygous null individuals. No evidence for the existence of either inactive or unstable enzyme molecules was observed in the erythrocytes of these heterozygous, low activity variant individuals either. Fig. 3 . Eleclrophoretic paltern of erythrocyte triosephosphate isomerase from control and carrier individuals. Eleclrophoresis conditions are described in :'Materials and Methods." All samples were adjusled to equal levels( 10 ufiltS) of enzyme activity. Samples were applied allhe top of the gel WIth the anode being at the bottom. Samples, from the len are: wells 1 (24) , exposure to cytostatic dr~g~. (6, 20) , or other dyserythropoetic conditions (6, 14) . The actIVIties of glyceraldehyde phosphate dehydrogenase (EC 1.2.1.12) and the B locus of lactate dehydrogenase, both of which are located adjacent to TPI on chromosome 12 (22) are normal in all in.dividuals that car:y the presumptive TPI null allele. Although TPI IS located more distally than the other two enzymes, it seems apparent that the deficiency should not involve loss of a largẽ egment of the chromos.ome. This evidence of specificity, i.e., mvolvement of only a smgle enzyme per proband and genetic segregation, is consistent with involvement of a structural locus this locus presumably being the single structural locus for TPI (10) on .chromosome 12 (22) presence of inactive or unstable TPI enzyme molecules was obtained in electrophoretic or thermostability studies. At this time it is not possible to further define the molecular basis for the TPI deficiency although it seems probable that the TPI deficiencies reported he.re~re associated with a lack of synthesis of TPI protem, which IS consistent with the previous observations that TPI deficiency is expressed in nonerythroid cells (32, 37) . Thus, the characteristics of the heterozygous individuals, either 1/ I°or 1/1.-.genotype, including the level of TPI activity as well as the activity of other enzymes in erythrocytes, the normal electrophoretIc profile and the apparent absence of enzymatically inactive enzyme molecules, are identical to those observed in parents of homozygous TPI deficient individuals (16, 31, 32, 35, 37) .
Our total allele frequency for nulls plus low activity variants, of 0.004 for Whites sampled in Ann Arbor, MI is similar to the frequ~nc~:eported by. Eb~r el al. (I I, 12) from a group of some 3000 mdlVlduals studied m Germany. The much higher allele frequency (0.024) for the putative TPI null allele, TPI 1°, in the Black popul~tion sample is similar to the frequency of alleles assOCiated With several of the common genetic diseases. For e~ample, it is more tha.n twice the allele frequency of phenylalanme hydroxylase defiCiency (phenylketonuria) (34) . It is similar to the allele frequency for hexosaminidase A deficiency (Tay Sachs Disease)~n Americ~n Jews (19) and to the frequency of aIlele(s) for cystic fibrOSIS m the United States White population (27) .
An apparent discrepancy exists between the frequency of allele(s) for TPI deficiency (10) reported during surveys of human populatio.ns~t~is paper, I I, 12,23) and the number of homozygous ?eficlent mdlvldua.ls observed in various clinics. This discrepancy IS most extreme m the Black population where homozygous affecte? newborns are expected with a frequency of one in every 2000 buths, although even the lower allele frequency in Whites is not reflected m the number of clinical cases reported. Given these allele frequencies, it would be expected that approximately 200 homozygous TPI deficient infants (1°/1°genotype) would be born each year in the United States, whereas to the best of our knowledge, only two TPI deficient individuals have ever been identified in the United States. Similarily, Eber el al. (\ I) have suggested that given the frequency of heterozygotes, some 500 cases of TPI deficiency should have been identified in Germany. None o!,the 17 reported cases that we could identify (16, 31, 32, 35, 37) IS from Germany. It is unlikely that a condition with such severe consequences would go undetected, although it is possible that the syndrome is not identified as TPI deficiency. It is also possible that total TPI deficiency results in a metabolic block which is incompatible with normal embryo/fetal development and therefore only individuals retaining some low residual level of TPI activity, possibly infants with the 1 0 /1-genotype, survive to term and are subsequently identified in hospital clinics. The biochemical and/or molecular basis for the TPI deficiency, and the associated metabolic consequences, as well as the apparent discrepancy between the heterozygote and homozygote frequencies, each require further investigation.
